Diallels in maize provide the knowledge of genetic parameters of lines and heterotic groups used. In this study, the general combining ability and specific combining ability, GCA and SCA respectively, were estimated in a partial diallel cross between maize inbred lines in five crop environments. In the 2011/2012 crop, some important agronomic characteristics were evaluated in five environments of southern Brazil. The difference of hybrids and environments was significant for all characters, however, the hybrid x environment interaction was significant only for plant height (PH) and grain yield (GY). GCA effects for the two heterotic groups and SCA effects were significant for all characters when hybrids were evaluated by the average of environments. Only for PH and GY the SCA x environment interaction was significant. The heterotic group I (female), arising from commercial single hybrids with high grain yield, showed interaction only between GCA x environment for PH, indicating predominance of additivity for the other characters in these lines, which do not vary according to different environment conditions. In most cases, hybrids with the best SCA values are not obtained from lines with the best GCA values.
Introduction
Maize accounts for a significant growing area in Brazil. It is an important source of raw material for use in human and animal food and many industrial products. World maize production was 872.06 million tons, in an area of 177.38 million hectares. Brazil had an output of 75.19 million tons in 15.32 million hectares with an average yield of 4,902 kg ha -1 (CONAB, 2014) . The estimated average productivity lags far behind the genetic potential of maize cultivars, which, through the continuous process of improvement applied by the breeders with the adoption of different strategies, have raised the standards of productivity.
One of the first decisions to be made by breeders is the appropriate choice of the parents to set up the artificial crossings. Among the genetic-statistical techniques used, diallel analyses stand out for the large number of genetic information they provide to the breeder (Seifert et al., 2006) . This analysis aims to study the "diallel genetic design", extracting estimates of useful parameters in selection of superior parents for hybridization and in understanding of the genetic control of the characters (Cruz et al., 2012) .
One of the most commonly used methodologies, described by Griffing (1956) , provides information on additivity, dominance, epistasis and maternal inheritance of parents in artificial crossings, where the sum of squares of the treatments is split into effects of general combining ability (GCA), specific combining ability (SCA), and, depending on the method, reciprocal effects. The relative importance of the variances of the GCA and SCA are related to the additive and non-additive effects (dominance and epistasis), respectively.
Several genetic studies on the grain yield character have been conducted in order to estimate the proportions of the total genetic variance that are attributable to additive and non-additive effects. Additive genetic effects of 61.2% have been reported for this character, being the dominance effect of 38.8%, assuming that epistasis effect and connection do not occur (Hallauer et al., 2010) . Attempts have been made to estimate the additive and dominance effects to other characters such as plant height, ear, number of ears per plant (prolificacy), ear length, ear diameter, number of kernel rows, number of kernels per row and depth of kernels in the ear. The rate for dominance effects, on average, is considerably lower for these characters when compared to grain yield, suggesting that most of the genetic effects may be attributed to additive effects (Hallauer et al., 2010) . Several examples of use of diallel analysis for parental selection and estimation of genetic effects are available in the literature for maize (Oliboni et al., 2013 , Izhar & Chakraborty, 2013 , Barreto et al., 2012 , Rodrigues et al., 2009 , Ferreira et al., 2008 and Pinto et al., 2007 .
Thus, this study aimed to evaluate the genetic parameters of some important agronomic characteristics in hybrids of maize inbred lines, from different heterotic groups obtained by recombination of commercial single and triple hybrids, through a partial diallel in five different environments in the agricultural year 2011/2012.
Material and methods
Fifteen inbred lines were used as female parents (group I), obtained from crossings between commercial single hybrids that presented characteristics of high grain yield and eight inbred lines were used as male parents (group II), obtained from crossings between commercial triple hybrids with rustic characteristics, forming two distinct heterotic groups, previously obtained in KSP Sementes Ltda. in Clevelândia-PR. In the agricultural year 2010/2011, these lines were subjected to artificial crossing according to the partial diallel model and the following crossings were performed: 1x1 ', 1x4', 2x3', 3x1', 3x4', 4x3', 4x7', 4,8', 5x3', 5x4', 6x3', 6x4', 7x4', 8x4', 9x4', 10x5', 11x3', 12x3', 13x3', 13x4', 14x4', 15x3', 15x5', 15x8' and 15x2 ', resulting in a total of 25 hybrid combinations. The hybrid seeds obtained from the crossings were harvested by hand, dried and prepared for experiment seeding.
Experiments to evaluate the hybrids were conducted in the agricultural year 2011/2012, in five different locations of the three states of southern Brazil. In Rio Grande do Sul, it was conducted in the city of Frederico Westphalen, with coordinates 27°23'47 '' S, 53°25'35 ''W, 480 m. In Santa Catarina, in the city of Itapiranga (27º10'10"S, 53º42'44"W, 206 m). In Paraná, in three locations: Pato Branco (26°13′44″S, 52°40′15″W, 760 m), Ampére (25°54'20''S, 53º25'54''W, 718 m) and Clevelândia (26°21'17''S, 52°28'56''W, 860 m).
The experimental design was a randomized block design with three replications for each of the five environments. The experimental units were composed of two lines with five meters in length, spaced 0.70 meters, sown with no-till seeder. Sowing period was according to the agroclimatic zoning of each site and cultural practices were the same for the five locations. After crop emergence and establishment, hand thinning was performed to adjust the stand of 42 plants per experimental unit, equivalent to 60,000 plants ha -¹.
Characters were evaluated in five plants of each plot: a) plant height (PH) in meters; b) height of ear insertion (EH) in meters; c) grain yield per plot (GY) in kg; d) ear diameter (ED) in millimeters; e) ear length (EL) in centimeters. Data were subjected to analysis of variance of each environment individually to prove the homogeneity of variances and the joint analysis of data was later performed considering the five study environments. With the finding of significant effects of the interaction (GxA), diallel analysis was carried out for each location separately. In the absence of interaction, estimates were obtained by the joint average of the five environments. All analyses were developed in Genes computer program (Cruz, 2013) . Model I (considered according to sample nature as a fixed template, since the parents are deliberately selected and do not match a random sample of the population) and Method IV (in which p(p-1)/2 combinations are included, in this method, we work only with information of F1, excluding parents and reciprocal F1 hybrids) described by Griffing (1956) were used, adapted to partial diallels for multiple environments, as follows:
Where: Yij: average value of hybrid combination between the i-th line of the group 1 and j-th line of the group 2; μ: general average of the test; gi: effect of general combining ability of the i-th line of the group 1; ǵj: effect of general combining ability of the j-th line of the group 2; S ij : effect of specific combining ability between the order lines i and j of the groups 1 and 2, respectively; ε ij : average experimental error.
Results and discussions
According to the analysis of variance (Table 1) , for all characters F test showed significant differences for the sources of variation, general combining ability (GCA I, II) and specific combining ability (SCA), showing the existence of variability for GCA effects associated with genes of additive action and SCA effects associated with genes of non-additive action in the genetic control of the characters, corroborating with the results obtained in studies of Oliboni et al. (2013) and Ferreira et al. (2008) involving the diallel analysis with other maize lines. GL -degree of freedom; ns and ** -non-significant F and significant at 1% of probability, respectively; CV -Coefficient of variation.
The source of environmental variation (E) showed a significant effect for all characters, showing different behavior of environments. Significant effect of the crossing x environment interaction is observed for characters PH and GY, indicating different responses of hybrids in relation to different environments evaluated for these characters, as for the characters EH, EL and ED the CxE interaction was non-significant, the split this source of variation into GCAIxE, GCAIIxE and SCAxE was not performed. The specificity of the performance of these hybrid combinations over the environments was possibly due to the different intrinsic soil and climate conditions of each growing region. The hybrid x environment interactions are frequently checked. Possibly, the narrow genetic base of these hybrids is responsible for performance variations in different crop environments (Pinto et al., 2007) , mainly due to lower phenotypic plasticity observed in single hybrids compared to double and triple hybrids.
The mean squares of GCA x environment interaction were significant only for the character PH for group I (females), demonstrating a certain stability of the crossings of that group to maintain the steady performance of the other characters in different environments. Similar results were reported by Rodrigues et al. (2009) . With the significance of GCA x E interaction, there are indications that the lines contribute differently in expressing these characters in different environments. In turn, in group II (male) significant GCA x E interaction was observed for all evaluated characters.
For the effect of the interaction between SCA x environment, characters PH and GY showed significant effect, deviating from the expected behavior based on general combining ability of these lines in different environments. Significant interactions between SCA x E for grain yield were also evidenced by Deitos et al. (2006) , revealing that non-additive genetic effects were significantly influenced by environmental changes. Evidence of interactions showed that, for PH and GY, estimates of combining abilities have changed according to the variation in crop environments.
Regarding the relative contribution to the effects of GCA (group I and II) and SCA obtained from the sum of squares (resulting from multiplication of MS by the respective GL of each source of variation) of hybrid combinations, it was found that non-additive effects (SCA) showed greater relevance than additive effects (GCA group I and II) for all analyzed characters with proportions of 66%, 26% and 7% for SCA, GCA group II and GCA group I, respectively. This fact showed the predominance of non-additive effects among loci related in the genetic control of characters. Moreover, the high magnitude of the effects of SCA reveals that the lines have different degrees of complementarity between the groups, indicating that the hybrid combinations have a phenotypic performance different from the expected only for GCA in the expression of the characters in question. Superiority of non-additive effects for the characters ear diameter, ear length and grain yield in maize were reported by Izhar & Chakraborty (2013) . Ferreira et al. (2008) found prevalence of non-additive effects for the character ear height in a partial diallel involving 24 single hybrids of maize. Souza Neto et al. (2015) reported the existence of non-additive effects in assessing the diallel analysis of maize forage hybrids for agronomic and nutritive characteristics of maize.
Low GCA estimates indicate the parents with combinations that do not differ much from the average of all crosses in the diallel system. On the other hand, large values, with positive or negative sign, indicate parents that increase or decrease a character, respectively, in relation to the average of all parents of the diallel through additivity. Regarding the behavior of lines of group I (Table 2) , it was observed that for EH, negative GCA estimates were observed for lines 2, 7, 8, 9, 10, 11, 12 and 14 on the average of the five environments, highlighting the lines 14 (-0.106), 8 (-0.103), 9 (-0.101) and 11 (-0.098) with the highest negative magnitudes for the character. These results indicate that this heterotic group has mostly genes/alleles that favor the reduction of EH. (1) A1 -Ampére-PR, A2 -Clevelândia-PR, A3 -Itapiranga-SC, A4 -Pato Branco-PR and A5 -Frederico Westphalen-RS.
Considering the EH, line 6', which gave the lowest average estimate (-0.175) within the group II, can be highlighted together with line 7' (-0.171) ( Table 3) . Such parents, for showing greater negative GCA estimates, have high concentrations of favorable alleles to reduce the character, causing its reduction in crossings where they participate (Vencovsky & Barriga, 1992) .
The ten highest negative estimates, of greater SCA magnitude for EH, in the average of the five environments, were obtained in the crosses 15x4' (-1,036), 4x4' (-0,863), 1x3' (-0,710), 3x3' (-0,700), 10x4' (-0,595), 2x4' (-0,594), 12x4' (-0,590), 11x4' (-0,587), 10x3' (-0,568) and 7x3' (-0,561) (Table 4 ). It is noteworthy that, among these ten best hybrids with negative SCA for EH, six of them (60%) have in its cross at least one line with negative GCA. This demonstrates that the use of lines with negative GCA for EH may contribute to obtain hybrids with lower EH.
Since there was interaction of GCA x E (Table  2) , for the character PH in group I (females), the effects of combining ability of these parents were estimated in each environment separately (Table 2) . Lines 2, 7, 8, 9, 10, 11, 12 and 14 of group I, had negative GCA estimates, for the five environments, indicating that the additive genetic action of these lines reduces the PH in the crosses they take part in. Line 14 had the best estimates for the character reduction in the environments Itapiranga (-0.238) and Pato Branco (-0.109) and the best estimate of the environment average (-0.200) within the group of females. In Ampére and Frederico Westphalen, the greatest GCA estimates to reduce the character were expressed by line 8 with magnitudes of -0.197 and -0.177, respectively, besides presenting the second best average estimate among the lines (-0.196) . In Clevelãndia, the highlight was line 9 (-0.338) ( Table 2) .
In group II, negative GCA effects were observed for the character PH of lines 1', 2', 5', 6', 7' and 8'. Line 6 'showed the highest negative estimate for Clevelãndia (-0.544), Itapiranga (-0.368), Pato Branco (-0.170) and Frederico Westphalen (-0.280), and also showed the best average effect (-0.333) to character reduction in the environments. Line 7' had the highest negative estimate for environment of Ampére (-0.307) and the second best average effect among the group of parents (-0.326) ( Table 3) . These lines can be identified as the most promising for use in height reduction in hybrid combinations.
For PH, effects were estimated individually for each environment, since the SCA x environment interaction was significant (Table 1) . Negative SCA estimates of higher magnitude higher for the character PH were obtained in crossings 15x4' (-2.017), 4x4' (-1.698), 3x3' (-1.341) 1x3' (-1.358), 3x3' (-1.341), 2x4' (-1.160), 12x4' (-1.156), 10x4' (-1.156), 11x4' (-1.155), 10x3' (-1.071), 7x3' (-1.067), 9x3' (-1.063), 8x3' (-1.061) e 14x3' (-1.056) in the five environments (Table 5) . These results indicate a high degree of complementarity between these lines, resulting from high allelic frequencies present in both heterotic groups, which contributed to the reduction of PH and EH. Diallel analysis allows us to choose hybrid combinations with the best SCA, in which at least one of the parent lines have a good GCA performance (Engelsing et al., 2011) . In this context, hybrid combinations 8x3' for the environments of Ampére (-0.972) and Frederico Westphalen (-0.872), 14x3' in Itapiranga (-1.155) and Pato Branco (-0.548) and 9x3' in Clevelândia (-1.677) are highlighted.
Breeding programs aim promising genotypes, particularly with regard to optimal plant height and yield. Short stature hybrids have greater market potential (Ferreira et al., 2008) . A time series between hybrids and varieties from 1930 to 2001 highlighted a tendency of reduction of height of ear insertion of about three centimeters per decade (Duvick, 2005) . Plants that show reduced stature and height of ear insertion can take advantage of the use of nitrogen fertilizers more efficiently, because the plant's center of gravity is more balanced, reducing lodging and stem breakage and favoring the absorption and translocation of nutrients to grain filling (Sangoi et al., 2002) .
Regarding GCA of group I (females) for the characters GY, ED and EL (Table 2) , it was found that lines 1, 3, 4, 5, 6, 13 and 15 had positive GCA estimates in the average of the five environments, indicating tendency of increasing additive genetic contribution to these characters in the crosses in which these lines took part. Such lines are noteworthy, since the additive effects are the predictable part of the genetic effects and, therefore, useful for genetic improvement programs (Lee et al., 2005) . Lines 15 and 4 stand out with high averages of GCA estimates in the five environments for the characters GY (2.525 and 1.266, respectively), ED (14.494 and 8.077, respectively) and EL (5.042 and 2.867, respectively), being the lines showing the highest concentrations of alleles with additive effect favorable for increasing these characters. Positive and high value estimates are of great interest in these characters, indicating the average of hybrids involving these lines in question is greater than the overall diallel average.
Analyzing table 3, for group II (male), it is found that lines 3' and 4' were the ones that have contributed positively in increasing GY, ED and EL in hybrid combinations in the average of the five environments. For character GY, estimates were obtained by environment. In the environments of Ampére (2.506), Clevelãndia (3.879), Itapiranga (3.148) and Frederico Westphalen (2.078), line 4' stands out for showing the highest GCA average (2.897) among parents. In turn, line 3' had the highest estimate for the character in the environment of Pato Branco (3.155), revealing the specificity of the line in this environment. For ED and EL, estimates were obtained by the average of the five environments, since there was no significance to C x E. Line 4' was superior in the studied environments, with the highest overall average of the set of lines, revealing that it is more promising and has high frequency of alleles favorable for these characters.
SCA effect is interpreted as the deviation of the performance of a hybrid combination, compared to what would be expected based on its parents' GCA. Therefore, SCA low absolute values show the hybrid combination behaves as what would be expected based on its parents' GCA, while high absolute values show the behavior of a cross (Hybrid) has higher or lower performance than that expected based on GCA. In fact, high performances coming from SCA, even in the absence of GCA in the parents, directly represents the highest expression of heterosis, coming from different types of dominances and epistases of the parents.
For character GY, SCA effects were estimated for each environment separately, given the significance of the interaction between SCA x environment (Table 1) . These results corroborate those obtained by Deitos et al. (2006) . Considering all these evaluation environments, the ten best averages of SCA estimates for the character GY were the hybrid combinations obtained from 10x5' (7.693), 3x1' (6.478), 4x7' (5.969), 1x1' (5.947), 4x6' (5.862), 15x2' (5.493), 15x5' (4.742), 9x4' (4.223), 12x3' (4.174) and 11x3' (3.932) ( Table 6 ). Of these ten crossings with the best positive SCA averages, only five hybrids had at least one parent with positive GCA, indicating that, in general, good heterosis performances (SCA) do not always require that one of the parents has good GCA. Hence, the ten best hybrids for SCAs per se were obtained only in three crossings, in which one of the parents has good GCA. (1) A1-Ampére-PR, A2-Clevelândia-PR, A3-Itapiranga-SC, A4-Pato Branco-PR and A5-Frederico Westphalen-RS; (2) Parents. (1) A1 -Ampére-PR, A2 -Clevelândia-PR, A3 -Itapiranga-SC, A4 -Pato Branco-PR and A5 -Frederico Westphalen-RS. ' (13.193), 4x6' (12.966), 15x8' (11.433) , 15x5' (10.659), 15x2' (10.218), 11x3' (9.498), 2x3' (9.332), 12x3' (8.837) e 9x4' (8.691) ( Table 4 ). This result proves the correlation between these two variables as these crosses were the best for both characters. For these two variables, lines 3' and 15 participated in three of the best GCA. In these results, it can be seen that rarely a line that generated a good SCA in a hybrid will take part of other hybrids that also have good SCA, since, from the total of seventeen lines composing the twelve best SCA for ED and EL, only two lines (3 'and 15), i.e. 11.74%, participated as parents of three superior hybrids. Data agree with those obtained by Divan et al. (2013) , where SCA was the main responsible for the expression of the characters ear diameter and length. Allied to these characters directly associated with grain yield, grain yield in a maize breeding program is a decisive parameter for the success of cultivars (Engelsing et al., 2011) . So the joint selection of agronomically important characters, allied with the ability of these lines to result in hybrids with high grain yield rates, becomes an important strategy in the search and identification of superior lines that will be kept in active germplasm for breeding programs.
Conclusions
Female lines (group I), obtained from the recombination of commercial single hybrids with high grain yield, only showed interaction between GCA x environment for PH, have concentration of genes/alleles with additive genetic action that do not undergo modulation with the changes in crop environment.
Male lines (group II), obtained from the recombination of commercial triple hybrids with characters of rusticity, showed interaction between GCA x environment for PH and GY of the plot, which may indicate that lines obtained by the interbreeding of current triple hybrids for these characters have higher concentration of genes of additive action that undergo modulation with changes of crop environment, compared with lines obtained from recombination of single hybrids.
SCA x E interactions were reduced, apparently there is only one modulation of the environment x SCA interaction for PH and GY, indicating that, for the other characters, genetic actions of dominance and epistasis do not undergo modulation by changes of crop environment.
Although PH have positive interaction with environment, the variable EH did not keep the same standard, indicating that EH is indifferent to changes of PH due to the change of crop environment.
In most cases, hybrids with the best SCA values did not have lines with good GCA in its cross, distorting the common idea that, in order to obtain hybrids with good SCA results, it is necessary that at least one of their parents has a good GCA.
